Purpose: To assess and compare preoperative refractive, aberrometric, topographic, and contrast sensitivity (CS) measurements with postoperative values after corneal collagen cross-linking (CXL) in patients with progressive keratoconus. Methods: Twenty-two eyes of 11 patients with keratoconus were enrolled in this prospective study. Uncorrected distance visual acuity (UDVA), best spectacle corrected visual acuity (BSCVA), CS, and higher order aberrations (HOAs) were evaluated at baseline and 1, 3, 6, and 8 months after surgery. Results: The mean total HOAs of the included patients were 2.24, 2.34, 2.28, 2.17, and 2.03 μm before and 1, 3, 6, and 8 months after CXL, respectively. A significant reduction in corneal HOAs including vertical coma, vertical and horizontal trefoil and spherical aberration was observed 6 and 8 months after CXL. UDVA and BSCVA improved significantly in all patients who completed the follow-up period (P = 0.001). Although mean CS declined significantly 1 month postoperatively, it improved significantly after 3, 6, and 8 months (P<0.001). Maximum keratometry was significantly lower 8 months postoperatively compared to the preoperative value. (P = 0.006). Conclusions: CXL seems to improve UCVA, BSCVA, and CS and reduce most corneal HOAs in progressive forms of keratoconus.
INTRODUCTION
to diversity in the descriptive or diagnostic criteria in various studies. [4, 5] The disease affects all races; it is more common in women in some studies and in men in others. [5] [6] [7] [8] [9] Ocular signs and symptoms of keratoconus may vary according to the severity of the disease. Disease progression results in severe irreversible loss of visual acuity. The emergence of "scissors-like" reflex in retinoscopy is an indication of irregular astigmatism. In cases of moderate and advanced keratoconus, circular arc deposition of hemosiderin (Fleischer's ring) is often evident. Iron accumulation results from extreme change of corneal curvature. [10] Munson's sign and Rizzuti's sign are often observed in advanced stages, and Descemet's membrane rupture in severe keratoconus causes sudden loss of vision and significant pain. [11] Increased high order aberrations are another problem of keratoconus which can lead to impaired visual acuity. [12, 13] Keratoconus treatment depends on the severity of the disease. Patients in early stages can wear glasses. Patients with mild to moderate keratoconus can use hard contact lens, and patients with severe form of the disease may need corneal transplantation.
The CXL technique involves formation of covalent cross-links between collagen fibrils. This method uses a photosensitive material, riboflavin, and a specific wavelength of ultraviolet irradiation, to increase the biomechanical stability of the cornea. [14] The purpose of this study was to assess the effects of CXL on refractive and aberrometric measurements and contrast sensitivity in patients with progressive keratoconus.
METHODS

Study Subjects
This study enrolled 22 eyes of 11 patients with keratoconus. All patients provided informed consent and the study which followed the tenets of the Declaration of Helsinki was approved by the Ethics Committee of our university. The inclusion criteria were as follows: clinical or subclinical keratoconus (clinical signs and abnormal retinoscopy reflex), clear cornea without central opacity, thinnest corneal thickness >400 μm, and corneal mean keratometry of less than 58 diopters (D). Patients older than 30 years of age, patients who failed to attend the follow-up examinations until 6 months postoperatively or longer, and pregnant and nursing patients were excluded.
Study Measurements
Complete preoperative ophthalmic evaluations were conducted for all patients. Uncorrected distance visual acuity (UDVA) and best spectacle corrected visual acuity (BSCVA) were measured using logarithmic scale charts (Lighthouse International, New York, NY, USA). BSCVA (CDVA) was measured using trial frames at a distance of 6 m from the chart box. Auto Kerato-Refractometer KR-1/RM-1(Topcon Medical Systems, Inc., Oakland, CA, USA) was used to measure manifest and cycloplegic refraction and keratometry. A CSV-1000 contrast (CS) sensitivity test was conducted. Total wavefront analysis was performed with a Pentacam (Pentacam ® HR, Type 70900, OCULUS, Wetzelar, Germany). The device measures mean total corneal higher order aberrations (HOAs), mean vertical and horizontal coma, and trefoil and mean corneal spherical aberration. All parameters were evaluated before and 1, 3, 6, and 8 months after surgery.
Cross-linking Surgery
All patients underwent standard CXL under sterile conditions in the operating room. Topical anesthesia of 0.05% tetracain eye drops was administered. Epithelium removal of an area 7-9 mm in diameter was done using a no. 15 surgical knife (Swann-Morton, Sheffield, England). In addition, a solution of 0.1% riboflavin (Biotech Visioncare) in 20% dextran (T500) (10 mg riboflavin in 0.1 mL dextran) was applied every 2-3 min. After 30 min, the patient was examined using a slit lamp with a cobalt blue filter for the presence of fluorescein in the anterior chamber. The cornea was then irradiated with calibrated UV-A light with a wavelength of 370 nm and an irradiance of 3 mW/cm 2 for 30 minutes. During irradiation, riboflavin drops were applied to the cornea every 2 minutes to sustain the required concentration of riboflavin and to prevent desiccation of the cornea. Postoperatively, the patient received topical chloramphenicol (Clobiotic 0.5% ophthalmic drops, Sina Darou, Tehran, Iran) and betamethasone (Betasonate 0.1% ophthalmic drops, Sina Darou, Tehran, Iran). A bandage contact lens (CIBA Vision, Duluth, GA, USA) was fitted until reepithelialization was complete (usually after 3 days). The patient was followed up on consecutive days after surgery until contact lens removal. Chloramphenicol and betamethasone 0.1% eye drops were administered 4 times per day during the first week. Betamethasone was replaced in the second week with fluorometholone 4 times per day. After 7 days, the dose was tapered over 4-6 weeks. Follow-up visits were scheduled at 1, 3, 6, and 8 months after surgery.
Statistical Analysis
Data were analyzed using the statistical software PASS 11 (NCSS, LLC., Kaysville, UT, USA). P < 0.05 was considered significant.
RESULTS
Twenty-two eyes of 11 patients were included in the study and followed up for 8 months postoperatively. No postoperative complications were observed.
Visual Acuity Changes Table 1 shows the postoperative effects of CXL on UCVA and BSCVA. After 8 months, the mean UCVA improved significantly compared to preoperative measurements, from 0.72 ± 0.027 to 0.53 ± 0.023 logMAR (P = 0.001). Mean preoperative BSCVA was 0.26 ± 0.029 logMAR. One month after CXL, it was 0.23 ± 0.015 logMAR. At 3, 6, and 8 months, it was 0.18 ± 0.013, 0.17 ± 0.015, and 0.17 ± 0.014 logMAR, respectively. The changes were statistically significant over 8 months (P = 0.001).
Corneal Wavefront
The mean preoperative total HOA changed significantly, from 2.24 ± 0.57 μm to 2.33 ± 0.53 μm, 2.17 ± 0.53 μm, and 2.02 ± 0.54 μm, at 1, 6, and 8 months after CXL, respectively (P = 0.0078, P = 0.012, P = 0.001 respectively), but the difference at 3 months was not significant (P = 0.29). Analysis of the vertical coma revealed significant changes at all follow-up visits (P = 0.001), but horizontal coma changes were not significant. Significant changes were also observed for vertical and horizontal trefoils after 8 months (P = 0.001, P<0.001) [ Table 2 ].
Mean corneal spherical aberrations decreased significantly, from 0.78 ± 0.37 μm preoperatively to 0.59 ± 0.35 μm 8 months after surgery (P = 0.001). The differences in mean values at all except the 3-month post-surgical follow-up were statistically significant [ Table 2 ].
Contrast Sensitivity
The average preoperative CS for all patients was 1.46 ± 0.06 log CS, which decreased to 1.41 ± 0.07 log one month postoperatively and then increased to 1.62 ± 0.05 log at the final follow up examination. Table 3 summarizes the CS data and demonstrates that there was no significant difference throughout the study period.
Maximum Simulated Keratometry Value
The mean maximum simulated keratometry value (Kmax) before CXL was 52. 
DISCUSSION
The primary goal of CXL is the stabilization of keratoconus. Astigmatism treatment, increase of visual acuity, and better vision quality are also the secondary goals. [15, 16] Our study identified statistically significant differences between the primary parameters obtained before and after CXL.
According to the UCVAs of the patients in this study, the accelerated downward trend decreased over time and the differences compared with previous months were statistically significant (P<0.001). UCVA changed from 0.72 preoperatively to 0.64, 0.55, 0.54, and 0.54 after 1, 3, 6, and 8 months after surgery, respectively. In this study, we found that BSCVA followed a pattern similar to that of UCVA. A statistically significant improvement was seen in this variable (P = 0.003) in the first month after cross-linking that was slower in subsequent months (0.24, 0.18, 0.17, and 0.17 in 1, 3, 6, and 8 months after surgery). These results are consistent with the results of previous similar studies. [15, [17] [18] [19] [20] The effective factor to improve visual acuity after crosslinking is not clear. We don't know even if topographic examinations, [21] pachymetry, [22] corneal haziness, [23] or cornea biomechanics [24] after CXL are the clinical characteristics associated with visual acuity after treatment.
Some studies have shown a significant decrease in Kmax after CXL, [25] [26] [27] [28] [29] [30] and others reported stability in corneal keratometry. [31, 32] The patients in our study 
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showed a significant decrease in Kmax after CXL, which reveals a flattening effect of this procedure. Increased anterior corneal and posterior corneal HOAs are the factors responsible for decreased visual acuity in keratoconic eyes. [21, [33] [34] [35] Cross-linking was first used to prevent progression of corneal ectasia, but was later found to be useful for visual acuity and improvement in corneal topographic characteristic in some patients. [16, 21, [35] [36] [37] In the present study, the total corneal HOA was observed to increase initially after surgery, but decreased at 6 and 8 months postoperatively. after surgery. A similar pattern of a significant increase in the first month followed by a significant decrease in the following months, especially in the sixth and eight months, was observed in other HOAs, including vertical coma (the most important Zernike coefficient affecting visual acuity), horizontal coma, vertical trefoil, horizontal trefoil, and spherical aberration. Among these measures, the horizontal coma followed this pattern, but none of the changes were statistically significant. Generally, results associated with HOA corresponded to the results of similar previous studies. [18, 38, 39] It indicated that after CXL, the corneal shape undergoes a process of regularization.
Contrast sensitivity is a valuable index in visual function. [40, 41] CS changes in cases of keratoconus after CXL have not been well studied. Even if the corrected visual acuity is optimal, contrast sensitivity may be reduced due to an increase in HOA in patients with keratoconus. [42, 43] In this study, the findings associated with contrast sensitivity also follow a pattern similar to that of HOA. Compared to preoperative value, CS was significantly decrease at postoperative month 1. However, it increased significantly at postoperative months 3, 6, and 8. Lamy et al [44] found in their study of 68 keratoconic eyes that CS improved over 2 years of follow-up (P < 0.001) in contrast with control eyes, in which changes were not significant over time (P = 0.228). The Pelli-Robson test was used for CS measurements and compared to our study, the final CS after 2 years was higher (1.69 compared with 1.62 after 8 months in our study).
CXL can increase corneal rigidity up to 328.9%. [45] The improvement in visual acuity and contrast sensitivity after CXL is the result of decreasing corneal curvature, astigmatism, and biomechanical stability.
The major limitations of this study were the small sample size and the recruitment of both eyes of a single patient and short follow-up duration. Larger studies with longer follow-up periods are required to better define the outcomes of CXL.
In conclusion, CXL is considered one of the most promising developments of recent decades for the treatment of keratoconus as it improves corneal HOAs, in particular coma, and contrast sensitivity. According to studies conducted to date, it seems that this method could potentially reduce morbidity from progressive forms of the disease and may ultimately reduce the need for corneal transplantation.
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